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Introduction
Flavonoids, polyphenolic compounds from natural biological sources, exist in tea, vegetables, and fruits (Pawlikowska-Pawlega et al., 2003) and have been paid much more attention for their applicability in various brain disorders. For example, quercetin (QE), a 3,5,7,3′,4′-pentahydroxyflavone, has been reported to attenuate motor coordination deficits and anxiety, decrease the proliferation of microglia and increase the number of astrocytes in lesion core in a 3-nitropropionic acid-induced rat model of Huntington's disease (Chakraborty et al., 2014) . In addition, various polyphenols including QE have been shown to protect against amyloid-β-induced oxidative damage in animal models of Alzheimer's disease (Pocernich et al., 2011) . Furthermore, QE has been reported to display the protective effects against cerebral ischemic injuries (Cherubini et al., 2008; Yao et al., 2012; Chang et al., 2014; Lei et al., 2015) .
Patients, who have had an ischemic stroke, can suffer from neuropsychological sequelae (Moulaert et al., 2010; Geri et al., 2014) . Transient cerebral ischemia interrupts blood flow in the brain tissue and commonly induces selective neuronal damage/death in specific areas of the brain including the hippocampus (Bae et al., 2015; . In ischemic stroke, oxidative stress activates apoptotic and necrotic signaling pathways (Kahles and Brandes, 2012) , hence, antioxidants have undoubtedly become a promising strategy to treat ischemic stroke. In normal physiological system, free radicals are adequately counterbalanced by antioxidants, such as superoxide dismutases (SODs), catalase (CAT) or glutathione peroxidase (GPX) (Kahles and Brandes, 2012) , however, this system balance would be broken after ischemic insults. Many studies have demonstrated that antioxidants catalyze superoxide radicals into hydrogen peroxide, which has a protective potential against oxidative stress mediated neuronal damage/death (Kuroda et al., 1999; Crack et al., 2003; O'Collins et al., 2006) .
However, few studies are reported on the effects of pretreated QE on the expression of antioxidant enzymes in the gerbil hippocampal CA1 region following transient cerebral ischemia. The hippocampal CA1 region is one of vulnerable and sensitive areas to transient cerebral ischemia, in which selective neuronal damage/death, morphological changes of glial cells and neuroinflammation occur in this region after ischemia (Dirnagl et al., 1999; Neumann et al., 2013; Yan et al., 2014b) . Therefore, in this study, we investigated the antioxidative effects of QE through examining antioxidant enzymes, such as Cu/Zn superoxide dismutase (SOD1), Mn superoxide dismutase (SOD2), catalase (CAT) and glutathione peroxidase (GPX) as well as the neuroprotective effect of QE using neuronal nuclear antigen (NeuN) immunohistochemistry and Fluoro-Jade B (F-J B) histofluorescence staining in the gerbil hippocampal CA1 region following transient cerebral ischemia.
Materials and Methods

Experimental animals
Eighty-four 6-month-old gerbils, weighing 70-80 g, were used according to the guidelines that are in compliance with the current international laws and policies (Guide for the Care and Use of Laboratory Animals, The National Academies Press, 8 th Ed., 2011) and approved by the Institutional Animal Care and Use Committee (IACUC) at Kangwon National University (approval No. KW-12-0018). The animals were divided (n = 14 at each time point in each group) as follows: 1) vehicle-sham group that was pretreated with distilled water and not subjected to ischemia induction, 2) vehicle-ischemia group that was pretreated with distilled water and subjected to ischemia induction, 3) QE-sham group that was pretreated with 20 mg/kg QE and not subjected to ischemia induction, 4) QE-ischemia group that was pretreated with 20 mg/kg QE and subjected to ischemia induction. In the two ischemia groups, rats were observed at 2 and 5 days after ischemia induction.
Pretreatment with QE QE (Sigma, St. Louis, MO, USA) was dissolved in distilled water according to our previous research (Hwang et al., 2009) .Vehicle and QE were administrated orally using a feeding needle once daily for 15 days before ischemia/reperfusion operation (the last treatment was done 30 minutes before ischemia/reperfusion operation) according to our published method (Hwang et al., 2009 ).
Induction of transient cerebral ischemia
As we previously described , gerbils were anesthetized via a mask using a gas mixture of 2.5% isoflurane (Baxter, Deerfield, IL, USA) in 33% oxygen and 67% nitrous oxide. Blood flow was completely interrupted by occluding bilateral common carotid arteries for 5 minutes and confirmed by a transient stopping of blood flow in the central retinal artery using an ophthalmoscope (HEINE K180, Heine Optotechnik, Herrsching, Germany). The body (rectal) temperature of normothermic 37 ± 0.5°C conditions was controlled with a rectal temperature probe (TR-100; Fine Science Tools, Foster City, CA, USA), and the temperature was maintained using a thermometric blanket during and after ischemia induction. Sham-operated gerbils were subjected to the same surgical procedure without common carotid artery occlusion.
Tissue processing for histology
For histological examination, sections were prepared from each group (n = 7 at each time point) at designated times (sham, 2 and 5 days after reperfusion). According to our published method , in brief, the gerbils were anesthetized with pentobarbital sodium (JW Pharm. Co., Ltd., Seoul, Korea, 40 mg/kg, i.p) and transcardially perfused with 4% paraformaldehyde, and their brains were serially cut in a cryostat (Leica, Wetzlar, Germany) into 30-μm thick frontal sections.
NeuN immunohistochemistry
To investigate change in neuronal distribution, NeuN (a marker for neuronal nuclei) immunohistochemistry was performed as we previously described . In brief, the brain sections were incubated with diluted mouse anti-NeuN (1:1,000, Chemicon International, Temecula, CA, USA) overnight at 4°C and exposed to biotinylated goat anti-mouse IgG (Vector, Burlingame, CA, USA) for 2 hours at room temperature and streptavidin peroxidase complex for 1 hour at room temperature. Finally, they were visualized by staining with 3,3′-diaminobenzidine tetrahydrochloride.
F-J B histofluorescence staining
To examine neuronal death after ischemia, F-J B (a marker for neurodegeneration) histofluorescence staining was used according to our published procedure (Lee et al., 2011) . Briefly, the sections were stained with a solution containing sodium hydroxide (1%), a solution of potassium permanganate (0.06%) and a F-J B (Histochem, Jefferson, AR, USA) staining solution (0.0004%). The sections were examined using an epifluorescent microscope (Carl Zeiss, Göttingen, Germany) with blue (450-490 nm) excitation light and a barrier filter.
SOD1, SOD2, CAT and GPX immunohistochemistry
Immunohistochemistry was carried out, according to the above-mentioned method, with sheep anti-SOD1 (1:1,000; Calbiochem, Farmingdale, NY, USA), sheep anti-SOD2 (1:1,000, Calbiochem), rabbit anti-CAT (1:500, AbFrontier, Seoul, Korea), and mouse anti-glutathione peroxidase (GPX, 1:500, Chemicon, Temecula, CA, USA); the primary antisera were exposed to biotinylated donkey anti-sheep IgG, goat anti-rabbit IgG and goat anti-mouse IgG (1:200, Vector, Burlingame, CA, USA) and streptavidin peroxidase complex (1:200, Vector) for 1 hour at room temperature. In order to establish the specificity of the immunostaining, a negative control test was carried out with pre-immune serum instead of primary antibody. The negative control resulted in the absence of immunoreactivity in any structures (data not shown).
Western blot analysis
To examine changes of SOD1, SOD2, CAT and GPX protein expressions in the hippocampal CA1 region, gerbils (n = 7 at each time point in each group) were sacrificed at designated times (sham, 2 and 5 days after ischemia) according to our published method (Lee et al., 2011) . In brief, the tissues were homogenized, and protein levels were determined in the supernatants using a micro bicinchoninic acid protein assay kit with bovine serum albumin as a standard (Pierce Chemical, Rockford, IL, USA). Aliquots containing total protein (20 μg) were boiled and loaded onto a polyacryamide gel (12.5%). After electrophoresis, the gels were transferred to nitrocellulose transfer membranes (Pall Crop, East Hills, NY, USA). To reduce background staining, the membranes were incubated with non-fat dry milk (5%) and with sheep anti-SOD1 (1:1,000, Calbiochem), sheep anti-SOD2 (1:1,000, Calbiochem), rabbit anti-CAT (1:500, abFrontier), and mouse anti-GPX (1:500, Chemicon) and continuously exposed to peroxidase-conjugated donkey anti-sheep IgG, goat anti-rabbit IgG and goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Antibodies were visualized using an enhanced chemiluminescence kit (Amersham, Buckinghamshire, UK).
Data analysis
All measurements were done to ensure objectivity in blind conditions (three observers for each experiment), and the samples were assayed under the same condition. The studied tissue sections were selected with 90 μm interval, and cell counts were done by averaging cell numbers from 5 sections of each animal according to anatomical landmarks corresponding to anteroposterior -1.4 to -1.9 mm of gerbil brainatlas (Loskota et al., 1974) . To evaluate the neuroprotective effect of QE, NeuN-immunoreactive (+) neurons and F-J B-positive (+) cells were counted in the hippocampal CA1 region. In brief, as previously described , digital images were taken using a light microscope (AxioM1, Carl Zeiss, Germany) equipped with a digital camera (Axiocam, Carl Zeiss, Germany) connected to a PC monitor. Cells were counted in a 250 × 250 μm square including the stratum pyramidale at the center of the hippocampal CA1 region using an image analyzing system (software: Optimas 6.5, CyberMetrics, Scottsdale, AZ, USA). The count ratio was calibrated as %, with vehicle-sham group designated as 100%.
In addition, to quantitatively analyze SOD1, SOD2, CAT and GPX immunoreactivity, five sections of each animal were selected with 90 μm interval. According to our process , digital images of the hippocampal CA1 region were captured with a light microscope of AxioM1 (Carl Zeiss, Oberkochen, Germany) equipped with a digital camera (Axiocam, Carl Zeiss Microscopy, Thornwood, NY, USA) that was connected to a PC monitor and calibrated into an array of 512 × 512 pixels. The mean immunoreactivity of SOD1, SOD2, CAT and GPX in the CA1 pyramidal neurons of the stratum pyramidale was measured by a 0-255 gray scale system. Background density was subtracted, relative immunoreactivity for SOD1, SOD2, CAT and GPX in the pyramidal neurons of the stratum pyramidale was calibrated as % (relative immunoreactivity) using Adobe Photoshop version 8.0 (Adobe Systems Inc., San Jose, CA, USA) and analyzed using NIH Image 1.59 software (NIH, Bethesda, MD, USA). A ratio of the relative immunoreactivity was calibrated as %, with the vehicle-sham group designated as 100%.
In addition, the protein levels of SOD1, SOD2, CAT and GPX were measured using Scion Image software (Scion Corp., Frederick, MD, USA), which was used for relative optical density (ROD): the ROD ratio was calibrated as % compared with the vehicle-sham group.
Statistical analysis
The data shown in this research represent the means ± SEM. All comparisons were tested for normality and variance homogeneity using SPSS 17.0 software, and all data passed normality test. Differences of the means among the groups were statistically analyzed by one-way analysis of variance (ANOVA) with Duncan's post hoc test to elucidate differences between experimental groups. Statistical significance was considered at P < 0.05.
Results
Neuroprotective effect of QE on hippocampal CA1 pyramidal neurons against ischemia To investigate the neuroprotective effect of QE in the hippocampal CA1 area after ischemia in gerbils, NeuN immunohistochemistry and F-J B histofluorescence staining were performed (Figure 1) .
In the vehicle-sham group, NeuN-immunoreactive (NeuN + ) neurons were easily observed in the stratum pyramidale, which are called "pyramidal neurons", of the hippocampal CA1 region ( Figure 1A) , and no F-J B-positive (F-J B + ) cells, which are damaged or dead cells, were observed in the hippocampal CA1 region (Figure 1E) . Whereas, in the vehicle-ischemia group, only a few NeuN + pyramidal neurons (about 11% of the vehicle-sham group) were observed in the stratum pyramidale at 5 days post-ischemia ( Figure  1C and I) , and many F-J B + cells, which represent damaged pyramidal neurons, were detected in the stratum pyramidale (Figure 1G and J) .
In the QE-sham group, distribution pattern of NeuN + pyramidal neurons in the hippocampal CA1 region was similar to that in the vehicle-sham group, and any F-J B + cells were not found in the hippocampal CA1 region (Figure 1B, F, I and J). In the QE-ischemia group at 5 days after ischemia/ reperfusion induction, the distribution pattern and numbers of NeuN + pyramidal neurons (about 98% of the vehicle-sham group) were, similar to those in the QE-sham group, significantly decreased compared with the vehicle-ischemia group (P < 0.05) and F-J B + cells (about 2% of the vehicle-ischemia group) were rarely observed in the hippocampal CA1 region ( Figure 1D, H, I and J).
Effect of QE on antioxidant enzyme immunoreactivities in the hippocampal CA1 region after transient cerebral ischemia SOD1 and SOD2 immunoreactivities Weak SOD1 and SOD2 immunoreactivities were observed in the pyramidal neurons of the CA1region in the vehicle-sham group (Figure 2A and H) . In the vehicle-ischemia group, SOD1 and SOD2 immunoreactivities in the CA1 pyramidal neurons were significantly decreased (about 81% and 87% of the vehicle-sham group, respectively) 2 days after transient ischemia, and they were hardly observed in the CA1 pyramidal neurons 5 days after ischemia; however, strong SOD1 and SOD2 immunoreactivities were newly expressed in non-pyramidal cells in the strata oriens and radiatum of the hippocampal CA1 region (Figure 2C , E, G, J, L and N).
In the QE-sham group, SOD1 and SOD2 immunoreactivities in the hippocampal CA1 pyramidal neurons were significantly higher (about 138% and 157% of the vehicle-sham group, respectively) than that in the vehicle-sham group (P < 0.05) (Figure 2B and I) . At 2 and 5 days post-ischemia, SOD1 and SOD2 immunoreactivities in the hippocampal CA1 pyramidal neurons of the QE-ischemia group were significantly higher than those in the vehicle-ischemia group (P < 0.05) (Figure 2D, F, G, K, M and N) .
CAT and GPX immunoreactivities
In the vehicle-sham group, immunoreactivities of CAT and GPX were found in the hippocampal CA1 pyramidal neurons ( Figure 3A and H) . In the vehicle-ischemia group, CAT and GPX immunoreactivities in the hippocampal CA1 pyramidal neurons were slightly decreased (about 96% and 93% of the vehicle-sham group, respectively) 2 days post-ischemia ( Figure 3C, G, J and N) . CAT and GPX immunoreactivities were rarely observed in the hippocampal CA1 pyramidal neurons 5 days post-ischemia, and at this point time, many non-pyramidal cells newly expressed CAT and GPX immunoreactivities in the CA1 area, especially in the strata oriens and radiatum (Figure 3E and L) .
In the QE-sham group, CAT and GPX immunoreactivities were significantly increased (about 171% and 144% of the vehicle-sham group, respectively) in the hippocampal CA1 pyramidal neurons compared with those in the vehicle-sham group (P < 0.05) (Figure 3B, G, I and N) . In the QE-ischemia group, CAT and GPX immunoreactivities in the hippocampal CA1 pyramidal neurons were significantly stronger than those in the vehicle-ischemia group at 2 and 5 days post-ischemia (P < 0.05) (Figure 3D, F, G, K, M and N) .
Effect of QE on antioxidant enzyme protein expression in the hippocampal CA1 region after transient cerebral ischemia SOD1 protein level of the vehicle-ischemia group was decreased 2 days post-ischemia; whereas, SOD1 level 5 days post-ischemia was significantly increased compared with the vehicle-sham group because SOD1 was strongly shown in non-pyramidal cells of the ischemic CA1 region ( Figure  4A ). In the QE-sham group, SOD1 level was significantly increased by about 96% of the vehicle-sham group and maintained in the QE-ischemia group after ischemia ( Figure 4A) . The change pattern in SOD2 level in both groups was similar to that in SOD1 level in both groups ( Figure 4B) .
CAT level in the vehicle-ischemia group was not significantly altered after ischemia; however, in the QE-sham group, CAT level was significantly increased by about 92% of the vehicle-sham group and the level was significantly increased in the QE-ischemia group compared with the vehicle-ischemia group (P < 0.05) ( Figure 4C) .
GPX level in the vehicle-ischemia group was slightly decreased 2 days after transient ischemia and significantly increased 5 days after ischemia by about 89% of the vehicle-sham group, because, at this time, GPX was strongly expressed in non-pyramidal cells (Figure 4D ). In the QE-sham group, GPX level was significantly increased by about 94% of the vehicle-sham group and maintained in the QE-ischemia group after ischemia ( Figure 4D ).
Discussion
Ischemia/reperfusion injury in the central nervous system is characterized by extensive oxidative stress, which is combated by antioxidants. Antioxidants and nutrition have been considered as an approach to slow down ischemia-induced neuronal damage (Crack et al., 2003; Park et al., 2014; Yan et al., 2014a) . In this regard, we, in the present study, focused on four antioxidant enzymes that were increased by QE pretreatment and protected hippocampal CA1 pyramidal neurons after 5 minutes of transient cerebral ischemia injury. The neuroprotective effects of QE on the brain after ischemic insults have been reported in some animal models of ischemic insults. Among the previous studies, Hwang et al. (2009) reported that QE displayed a strong possibility of neuroprotection against transient cerebral ischemia using cresyl violet staining alone. However, in this study, to obtain more specific results regarding the neuroprotective effect of QE, we used NeuN immunohistochemistry and F-J B histofluorescence 
Figure 1 NeuN immunohistochemistry (A-D) and F-J B histofluorescence staining (E-H) in the hippocampal CA1 region of the vehicle-sham (A, E), vehicle-ischemia (C, G), QE-sham (B, F) and QE-ischemia (D, H) groups.
At 2 days post-ischemia, SOD1 and SOD2 immunoreactivities are decreased in the hippocampal CA1 pyramidal neurons, and at 5 days post-ischemia, SOD1 and SOD2 immunoreactivities in the CA1 pyramidal neurons are very weak (asterisk); however, strong SOD1 and SOD2 immunoreactivities are newly shown in non-pyramidal cells (arrows). In the QE-sham group, SOD1 and SOD2 immunoreactivities are significantly increased in the hippocampal CA1 pyramidal neurons compared with those in the vehicle-sham group. In the QE-ischemia group, SOD1 and SOD2 immunoreactivities are not altered at 2 and 5 days post-ischemia. Scale bars are 20 µm in F and M, valid for A-M. (G, N) Relative immunoreactivity (RI) as percent of SOD1 and SOD2 in the hippocampal CA1 pyramidal neurons in a 140 × 140 μm 2 (boxes) (n = 7 at each time point in each group, *P < 0.05, vs. the vehicle-sham group; †P < 0.05, vs. respective pre-time point group; #P < 0.05, vs. corresponding vehicle-ischemia group). Data in G and N are expressed as the mean ± SEM. SOD1: Cu/Zn superoxide dismutase; SOD2: Mn superoxide dismutase; QE: quercetin; SO: stratum oriens; SP: stratum pyramidale; SR: stratum radiatum. At 2 days post-ischemia, CAT and GPX immunoreactivities were gradually decreased in the hippocampal CA1 pyramidal neurons and hardly detected 5 days post-ischemia (asterisks); however, non-pyramidal cells (arrows) show CAT and GPX immunoreactivities. In the QE-sham group, CAT and GPX immunoreactivities were significantly increased in the hippocampal CA1 pyramidal neurons, and in the QE-ischemia group, CAT and GPX immunoreactivities were also strong at 2 and 5 days post-ischemia. staining, which are recently used as histological methods for identifying neuronal damage/death in neurological diseases including cerebral ischemia (Gascón et al., 2008; and found that QE strongly protected pyramidal neurons of the gerbil hippocampal CA1 region from ischemia/reperfusion injury. In addition, previous studies have demonstrated that QE significantly reduces ischemia-induced damage in animal models of ischemic insults, such as focal and global cerebral ischemia (Pandey et al., 2011; Yao et al., 2012; Viswanatha et al., 2013) . However, the mechanisms underlying the neuroprotective effects of QE on the ischemic brain are disputed. Therefore, in this study, to elucidate the possible neuroprotective effects of QE on transient ischemic damage in gerbil hippocampal CA1 pyramidal neurons, we determined the changes in immunoreactivities and protein levels of endogenous antioxidant enzymes in the gerbil ischemic CA1 region. It is well known that overproduction of reactive oxygen species (ROS) induces the oxidative modification of cellular constituents that include DNA, proteins and lipids, which can lead to neuronal damage/death (Berlett and Stadtman, 1997; Cui et al., 2004) . In this regard, many researchers have demonstrated that antioxidant enzyme system can effectively neutralize and eliminate ROS through catalyzing superoxides into oxygen and hydrogen peroxide (Greenlund et al., 1995; Park et al., 2011b) . Hwang et al. (2009) reported that QE attenuated the level of hydroxynonenal (an indicator of lipid peroxidation) in the hippocampus of the gerbil following transient global cerebral ischemia, and, similarly, Ahmad et al. (2011) showed that QE reduced oxidative stress in the rat brain after transient focal cerebral ischemia. Cerebral ischemia was reported to lead to excessive generation of ROS and increased ROS levels, which were regulated by endogenous antioxidant enzymes including SODs, CAT and GPX which were closely associated with neuronal damage/death following cerebral ischemia (Sugawara and Chan, 2003) . In addition, we reported that endogenous antioxidant enzymes were increased or maintained by treatments with plant extracts and these enzymes were closely associated with the protective effects of plant extracts against ischemia-induced neuronal death in the gerbil hippocampal CA1 region (Park et al., 2011a . Therefore, we insist that the upregulation of endogenous antioxidant enzymes by QE prevents or ameliorates ischemia-induced neuronal death by decreasing oxidative stress. On the basis of other reports and our previous reports (Sugawara and Chan, 2003; Park et al., 2015) , in this study, to examine how QE protects neurons from ischemia/ reperfusion injury, we administered QE before ischemia/ reperfusion operation and found that the expression levels of SOD1, SOD2, CAT and GPX were significantly increased in the hippocampal CA1 pyramidal neurons without ischemia/ reperfusion injury. This result suggests that pretreatment with QE could increase the activities of antioxidant enzymes in the hippocampal CA1 region. Furthermore, we found that the increased SOD1, SOD2, CAT and GPX expressions in the CA1 pyramidal neurons were maintained by QE after ischemia/reperfusion injury. These findings are supported by a previous study that demonstrated that QE restrained ischemia-induced oxidative stress in the rat heart through increasing SOD, CAT, GPX and glutathione reductase ctivities as well as decreasing malondialdehyde level (Liu et al., 2014a) . In addition, some studies showed that some flavonoids, such as pinocembrin (Saad et al., 2015) and luteolin (Fu et al., 2014) , reduced ischemic damage and enhanced antioxidant potential. Previous studies demonstrated that SOD1 prevented neuronal damage in vulnerable brain regions following global cerebral ischemia/reperfusion in transgenic rats and that SOD2 deficiency resulted in the exacerbation of cerebral infarction induced by middle cerebral artery occlusion in SOD2 knockout mice . In addition, Yaidikar and Thakur (2015) reported that CAT and GPX enzymes played a crucial role in protecting neurons from oxidative stress associated damage in a rat model of focal cerebral ischemia. Furthermore, Crack et al. (2003) showed that loss of GPX led infarct volume to threefold increase induced by ischemic insult in transgenic mice compared with wild-type mice. Hence, in the present study, the increases in SOD1, SOD2, CAT and GPX immunoreactivities by QE pretreatment apparently played key roles in protecting hippocampal CA1 pyramidal neurons from ischemia/reperfusion injury.
In conclusion, our findings show that QE pretreatment effectively protected hippocampal CA1 pyramidal neurons from ischemia/reperfusion injury by increasing the activities of SOD1, SOD2, CAT and GPX enzymes.
